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bstract
Spatial and temporal land cover changes can reduce or accelerate lake sedimentation. This study was conducted to examine
orphometry and bathymetry, and the long-term changes (over 75 years) in sedimentation in the Lake Issaqueena reservoir, South
arolina. The watershed and catchment areas were delineated using Light Detection and Ranging (LiDAR) based data. Trends in
ake surface area and riparian buffer condition (vegetated or unvegetated) were determined from historical aerial photography. From
938 to 2009, the lake experienced a decrease in surface area of approximately 11.33 ha while catchment area increased by 6.99 ha,
nd lake volume decreased by 320,800.00 m3. Lake surface area decreased in years corresponding to equal coverage or largely
nvegetated riparian buffers. Surface area and average annual precipitation were not correlated; therefore other factors such as soil
ype, riparian buffer condition and changes in land use likely contributed to sedimentation. Shift from agricultural land to forestland
n this watershed resulted in a decrease in sedimentation rates by 88.28%.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of National Water Research Center. This is an open access
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Sedimentation is the most important water quality problem in the United States and impact reservoir storage capacity
orldwide (Neary et al., 1989). Erosion is a natural process that is intimately related to sedimentation. Erosion rates
re influenced by geology, topography, slope, climate, soil type and vegetation (Brooks et al., 2012). Rainfall amount
nd intensity, soil moisture and texture, infiltration rate, upland erosion rate, drainage network density, slope, size and
lignment of channels, runoff, sediment characteristics and channel hydraulic characteristics are all factors contributing
o the amount and location of sediment deposits (United States, 2013). Anthropogenic factors are the leading cause
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of erosion and sediment transfer (Lexartza-Artza and Wainwright, 2011). These factors include urbanization and
development, forestry practices such as clear-cutting, and many others. Cumulative environmental effects of activities
in a watershed can adversely impact beneficial uses of the land (Brooks et al., 2012). In order to understand the dynamics
of sedimentation processes all factors must be assessed and relationships established.
Reservoirs are important for water storage, sediment control, groundwater recharge, stream flow moderation, water
filtration and purification, plant and fish products, and biodiversity and wildlife habitats (McHugh et al., 2007). Surface
erosion (e.g. sheet or gully erosion) contributes soil particles, rock fragments, pollutants and contaminants, nutrients
and other items into a waterway. Sediment accumulation degrades water quality, limits available water supply, decreases
biodiversity of flora and fauna, impairs drainage ways and channels creating flood opportunities and can also dampen
local economic and community efforts. Sediments have been widely studied as indicators of environmental change
because they can document variations over time of sediment inputs and characteristics (Lexartza-Artza and Wainwright,
2011; Jackson et al., 2005). The period of sedimentation is usually known for reservoirs making them extremely valuable
for studying sediment fluctuations in response to environmental and land use changes within a watershed (Wren and
Davidson, 2011; Wren et al., 2007).
Watershed responds to climatic, geographic and anthropogenic changes because of the spatial and temporal variation
in climate and environmental conditions. Lack of long term data, differences in field and data collection complicate
spatial and temporal analysis of sedimentation. However, identification of impacts of land cover changes on watersheds
is essential to maintaining healthy, functional freshwater systems that will continue to provide for plants, wildlife and
human needs. There are many studies worldwide pertaining to sediments and freshwater environments (e.g. lakes,
rivers, reservoirs and other water bodies. For example, a study in Ethiopia analyzed water availability for community
use as well as economic impacts and found that impoundments greatly altered the landscape (Tefera and Sterk, 2008).
Other studies examined the positive and negative impacts of sedimentation including: the ability of sediments to trap
pollutants and contaminants in Mexico (Ruiz-Fernandez et al., 2012); deposition of agricultural soil loss and subsequent
degradation in aquatic ecosystems in the Midwest, United States (Heathcote et al., 2013). Land use changes are often
attributed to changes in sedimentation rates. Mattheus et al. (2010) analyzed the impact of land-use change and hard
structures on the evolution of fringing marsh shorelines in North Carolina. A study in the United Kingdom (Lexartza-
Artza and Wainwright, 2011) identified areas within a catchment that are most susceptible to erosion from land use
changes. Odhiambo and Ricker (2012) found that land use changes primarily in areas cleared for agricultural fields
contributed the most sediment to the Lake Anna watershed in Virginia, US.
Many studies demonstrate the importance of riparian buffers on water quality and sedimentation rates. Riparian
buffers slow surface runoff, reducing velocity, which increases sediment removal by increasing infiltration rate. Riparian
buffers frequently have over 90% efficiency in trapping sediments (Lee et al., 2000). Stream buffers can include many
species of vegetation from herbaceous forbs to large woody species. Lee et al. (2000) found that during simulated
rainfall events riparian buffers trapped 93% sand and silt particles and 52% of clay particles. Buffering capacity also
increases as buffer width increases. Changes to land cover result in billions of tons more sediment being deposited in
streams and water bodies (Weathers et al., 2013). Removing vegetation increases the amount of water that enters a
stream, thereby increasing the amount of sediments as well (Weathers et al., 2013).
In 1950, a report was prepared by the USDA (1950) to determine the effects of soil conservation on sedimentation in
Lake Issaqueena. This report included data on the bathymetry and morphometry of the lake, and a detailed sedimentation
survey that was completed in 1941 by the Soil Conservation Service. The watershed was resurveyed in October of 1949
and detailed comparisons of data as well as land use changes were included in the report. USDA (1950) found that
annual storage loss for the period from 1938 to 1941 was 1.67%, while the average annual rate of loss for the 8.5-year
period from 1941 to 1949 was reduced to 1.01%. This reduction was attributed to the adoption of improved agricultural
practices as well as the best management practices (BMPs) that were used on the CEF (USDA, 1950). Rainfall and
excess inflow over discharge were actually higher during the second period studied and yet sedimentation rates were
lower (USDA, 1950). USDA (1950) also determined that the sediment was being deposited in the upper fourth of the
reservoir, which is even more evident today. Sheet erosion on cultivated fields was identified as the primary source of
sediment, followed by gullies, road banks and stream banks (USDA, 1950).Long-term data and a consistent method for measuring sedimentation and identifying erosion factors are essential for
sustainable watershed management in the future. Methods used to determine sediment yield within this watershed could
be used for other similar reservoirs within South Carolina and other parts of the world. The Soil Conservation Service
collected limited reservoir data years ago, but assemblage of new data will provide a means to compare sedimentation
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uxes and changes within the watershed to that of known land cover changes. Knowledge of reservoir sedimentation,
atershed erosion trends and sediment chemistry are important factors in predicting future water quality of surface
ater reservoirs.
The overall objective of this study is to conduct spatial and temporal analysis of sedimentation in Lake Issaqueena,
outh Carolina to quantify the effectiveness of reforestation. The specific objectives area to: (1) Delineate the Lake
ssaqueena watershed and create the stream network using LiDAR derived data; (2) Document changes in lake volume,
urface area and catchment area between 1938 and present using historical and field data; (3) Classify stream buffers
30 m) as vegetated or un-vegetated in relation to sediment yield; (4) Analyze factors which contribute to sedimentation
n Lake Issaqueena.
.  Materials  and  methods
.1.  Study  area  and  land  use  history
The Lake Issaqueena watershed is located in the uplands of the Savannah River Basin in Pickens County, South
arolina (Fig. 1). The United States Environmental Protection Agency (EPA) classifies the lake as located in the Inner
outhern Piedmont region. Currently, various types of forestlands, ranging from small pine plantations to mature oak-
ickory forests, dominate the landscape. Clemson University owns and manages approximately 30% of the watershed,
hile the remaining land is owned privately.
The watershed is principally drained by one fourth-order stream (Sixmile Creek), two third-order streams (Indian
reek and Wildcat Creek), and many second- and first-order ephemeral streams. The stream network is approximately
9.48 km, with an average length of 0.61 km, a minimum of 0.01 km and a maximum of 1.89 km. The Lake Issaqueena
eservoir was completed in 1938 under the Works Progress Administration (WPA) as part of the “Clemson College
ommunity Conservation Project” (Fig. 2). Since 1947, best management practices (BMP) have been used to continue
and reclamation and improvement for the Clemson Experimental Forest (CEF), as it came to be known. In 2008, CEF
taff enacted a revised Natural Resource Plan, which identifies 13 divisions for the entire CEF, 4 of which lie within the
ake Issaqueena watershed (Clemson University, 2008). The majority of the watershed lies within a Special Natural
esource Area, which is a protected area where new activities are prohibited and the goal of maintaining existing roads,
rails, and recreation areas is to minimize impacts related to sedimentation and on floral, faunal and water resources
ig. 1. Aerial photographs (scale 1:3657.6 m) of the study site showing decrease in lake surface area (1951, surface area: 35.23 ha; 1977, surface
rea: 38.48 ha; 1989, surface area: 31.01 ha; and 2009, surface area: 32.61 ha).
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(Clemson University, 2008). Stream Buffers are also identified and maintained to protect water quality and biodiversity.
Part of the watershed is identified as Mixed Successional Habitat Areas, which are managed to provide areas in various
successional stages to provide quality habitat for an assortment of wildlife species. There are also two small areas
labeled as Intensive Habitat Management Areas which are open fields maintained for game and non-game species
(Clemson University, 2008). Fig. 2 provides a timeline of events that relate to sedimentation and management of Lake
Issaqueena.
2.2.  Methods
Aerial photographs used for riparian buffer classification and lake surface area estimates were provided by the
Pickens County GIS Department, United States Geological Survey (USGS) EarthExplorer and the United States
Department of Agriculture (USDA) Geospatial Database (Table 1). Photographs were available for the following
years: (1947, 1951, 1956, 1968, 1977, 1989, 1999, 2005, 2006 and 2009). Limited hydrologic data was available from
the aforementioned report collected by the Soil Conservation Service in April 1941 and October 1949. Data available
from this report includes elevation, surface area, drainage area, sediment deposits, rainfall information and storage loss.
Table 1
Data sources and descriptions.
Data layer Source Coordinate system Date
LiDAR (LAS) files Pickens County GIS NAD State Plane 1983 SC 2011
Lake Polygon Pickens County GIS NAD State Plane 1983 SC 2013
1968 aerial photo Pickens County GIS NAD State Plane 1983 SC 2013
SSURGO soils data USDA-NRCS Geographic na
Single-frame aerial photos
2/24/47 USGS Earth Explorer NAD State Plane 1983 SC 1947
5/14/51 USGS Earth Explorer NAD State Plane 1983 SC 1951
3/17/56 USGS Earth Explorer NAD State Plane 1983 SC 1956
3/14/77 USGS Earth Explorer NAD State Plane 1983 SC 1977
1989 USGS Earth Explorer NAD State Plane 1983 SC 1989
1999 USGS Earth Explorer NAD State Plane 1983 SC 1999
Aerial photos
2005 USDA Geospatial Data Gateway NAD State Plane 1983 SC 2005
2006 USDA Geospatial Data Gateway NAD State Plane 1983 SC 2006
2009 USDA Geospatial Data Gateway NAD State Plane 1983 SC 2008
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he Federal Interagency Sedimentation Committee provided instructions for completing the Summary Data report,
ut not specific methods for determining data. The Committee included members from the United States Department
f Agriculture (USDA), Department of the Interior (USDI), Environmental Protection Agency (EPA), Department
f Army, Department of Commerce, Department of Transportation, Department of Energy and the Tennessee Valley
uthority. The instructions have not been revised since 1978.
.3.  Watershed  characteristics
The watershed boundary was delineated using ArcGIS Desktop 10.1 and 2011 LiDAR files provided by the Pickens
ounty GIS office. From the LiDAR files, a DEM was created using a terrain dataset. The DEM was then used along
ith the hydrology spatial analyst toolset. Fig. 3a provides a flow chart for ArcGIS processes used in creating the
atershed map and the stream network.
Historical imagery (1947, 1951, 1956, 1968, 1977, 1989, 1999, 2005, 2006 and 2009) was classified using maximum
ikelihood supervised classification. Training samples were made for each year of photographs due to inconsistencies
n resolution. A 30 m buffer was then created around the stream network for each of the classified maps. South
arolina does not have a stream buffer width requirement, but the SC Department of Health and Environmental Control
SCDHEC) recommends at least 30 m (approximately 100-foot) buffers. The stream buffers were then classified as
ither vegetated or unvegetated. The number of hectares was then compared for each buffer width.
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2.4.  Surface  area,  catchment  area,  and  lake  volume  comparison
Change in lake surface area was calculated using the measure polygon tool in ArcGIS 10.1. For each year of
historical photography a polygon was created to encompass the lake surface. These areas were then compared using
Microsoft Excel.
Limited hydrologic data was available from a Reservoir Sedimentation Data Summary report (RESSED) collected
by the Soil Conservation Service in April 1941 and October 1949. Catchment area could only be compared using the
created watershed boundary from the 2011 LiDAR files. Area was then compared to the catchment areas listed on the
RESSED report for 1941 and 1949.
Lake volume was determined using a Lowrance Elite 4 HDI sonar logging depth finder, SonarTRX
(www.sonartrx.com) software and ArcMap 10.1. Transects were made evenly across the lake from shoreline to shore-
line, while recording sonar logs. These logs included geographic coordinate points (XY) and their associated depths (Z)
and also a sonar image of the lake bottom and sediment. These files (.sl2) were imported into SonarTRX, viewed and
then exported as comma separated values (.csv) with an XY-coordinate system of UTM Zone 17 N and a Z-coordinate
system of WGS 1984. The resulting data (8335 XYZ  points) were added to ArcGIS 10.2, projected into the correct
coordinate system and exported as ESRI shapefiles. These shapefiles were then merged together to simplify processing.
From the resulting shapefile, a Triangular Irregular Network (TIN) was created using the Create TIN 3D Analyst tool.
It was then converted into a raster based on depth. The raster was then clipped to the lake extent created from LiDAR
data. The Surface Volume 3D Analyst tool was used to then determine the surface area and volume below a named
plane height of 10.353 m, which represented the maximum lake depth. This tool was also used to determine the volume
of water in meter depth increments, from 1 m to 10.353 m. From this data a hypsograph was created in Microsoft Excel.
Fig. 3b provides a flow chart for SonarTRX and ArcGIS processes used to determine lake volume.
A contour map, a bathymetric map and a three-dimensional image of the lake bottom were also created using the
Natural Neighbor Raster Interpolation 3D Analyst tool. The contour map was created from the resulting layer using the
Contour 3D Analyst tool in ArcMap 10.1. Because Lake Issaqueena is relatively shallow, contour lines were set 1 m
intervals. The bathymetric map was created using the Adjust 3D Z Data Management tool and reversing the values to
reflect depth instead of elevation. The symbology was then changed to reflect 10 depth classes ranging from the most
shallow to deepest depths. A 3D image of the lake bottom was also created from the TIN data layer using ArcScene
10.1. The TIN was added to the map and base height properties were changed from 1 m to 10.353 m to encompass all
depths present within the lake.
2.5.  Climatological  data  analysis
Climatological analysis was performed on data from the National Climatic Data Center (NCDC, 2014). Average
annual precipitation data was exported and analyzed using Microsoft Excel. Data was collected for 1938 to 2009 and
plotted on the primary y-axis. Surface area data was plotted on the same line graph (on the secondary y-axis) for the
available years.
2.6.  Soil  inventory  and  analysis
Soil inventory data was obtained from USDA–NRCS SSURGO soils database (Table 1) and it contained the following
information: soil map unit name, percent slope, soil type including taxonomic classification (Table 2). This data was
clipped to the watershed extent.
3.  Results  and  discussion
3.1.  Watershed  characteristics
Based upon 2011 LiDAR data, the Lake Issaqueena catchment drains approximately 3638.15 ha. In 1938, the
catchment area was slightly smaller at 3631.16 ha. This difference could be attributed to the various means for collecting
data or because of expansion of the stream network. Fig. 1 provides aerial imagery from 1951, 1977, 1989 and 2009.
It is evident from these photos that the northern portion of Lake Issaqueena has experienced extensive sedimentation.
Because reservoirs are man-made structures that disturb the natural flow of rivers and streams, as well as sediment
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Table 2
Soils of the Lake Issaqueena watershed.
Soil map unit
name
Map unit
symbol
Percent slopes Surface soil
type
Watershed area
(%)
Family of higher taxonomic classification
Cecil
CeB3 2–6 Clay loam 0.41
Fine, kaolinitic, thermic Typic Kanhapludults
CeC3 6–10 Clay loam 4.17
ClB2 2–6 Sandy loam 8.98
ClC2 6–10 Sandy loam 8.19
ClD2 10–15 Sandy loam 2.71
Chewacla Co – Soils,
frequently
flooded
0.30 Fine-loamy, mixed, active, thermic Fluvaquentic
Dystrudepts
Clifton CtF 15–35 Fine sandy
loam
0.05 Fine, mixed, semiactive, mesic, Typic Hapludults
Grover GrB2 2–6 Fine sandy
loam
0.45 Fine-loamy, micaceous, thermic Typic Hapludults
GrG 40–80 Fine sandy
loam
0.18
Gwinnett GwF 24–40 Sandy loam 0.16 Fine, kaolinitic, thermic Rhodic Kanhapludults
Hiwassee
HwB2 2–6 Sandy loam 0.35
Very-fine, kaolinitic, thermic Rhodic Kanhapludults
HwC2 6–10 Sandy loam 0.75
HwE2 10–25 Sandy loam 2.58
HyB2 2–6 Clay loam 0.36
HyC3 6–10 Clay loam 1.16
HyE3 10–25 Clay loam 1.53
Louisburg LoE 10–25 Sandy loam 0.04 Coarse-loamy, mixed,semiactive, thermic Typic
HapludultsLoF 25–40 Sandy loam 0.10 0.14
Madison
MaB2 2–6 Sandy loam 1.66
Fine, kaolinitic, thermic Typic KanhapludultsMaC2 6–10 Sandy loam 5.70MaE2 10–25 Sandy loam 8.94
McE3 10–25 Clay loam 2.14
Musella MuG 40–80 Soils 0.04 Loamy, mixed, subactive, thermic shallow Typic
Rhodudults
Pacolet
PaB2 2–6 Fine sandy
loam
0.02
Fine, kaolinitic, thermic Typic KanhapludultsPaE2 10–25 Fine sandy
loam
5.66
PaF 25–40 Fine sandy
loam
8.44
PaG 40–80 Fine sandy
loam
1.55
PcE3 10–25 Clay loam 7.92
Rabun
RbE 10–25 Loam 0.07
Fine, kaolinitic, mesic Typic KanhapludultsRaF 25–40 Cobbly loam 0.03
RaG 40–70 Cobbly loam 0.04
Saluda SaF 25–40 Sandy loam 1.78 Loamy, mixed, active, mesic, shallow TypicHapludultsSaG 40–70 Sandy loam 0.18
Starr SrB 0–6 Loam 0.65 Fine-loamy, mixed, semiactive, thermic Fluventic
Dystrudepts
Stony St – Land 0.11 –
Tallapoosa
TaD 6–15 Loam 0.02 Loamy, mixed, semiactive, thermic shallow Typic
HapludultsTaF 25–40 Loam 0.17TaG 40–80 Loam 0.05
Toccoa To – – 2.18 Coarse-loamy, mixed, active, nonacid, thermic Typic
Udifluvents
Worsham WoB 2–6 Sandy loam 0.31 Fine, mixed, active, thermic Typic Endoaquults
t
S
l
sWater W – Water 19.94 –ransportation and deposition, sedimentation in reservoirs occurs much more rapidly than in naturally occurring lakes.
ubstantial allochthonous sedimentation occurs due to the large size of the catchment area. Catchment size is usually
arger for reservoirs as opposed to natural lakes due the construction of man-made lakes in areas with limited water
upply.
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Table 3
Distribution of land slope classes for net-sediment contributing area for 1950 to 2011 (1950 measurements adapted from Noll et al., 1950).
Slope class Hectares Watershed percent Change
1950 2011 1950 2011 Hectares Watershed percent
0–2% 124.24 133.95 3.5 3.68 9.72 0.18
2–7% 460.13 779.04 12.8 21.43 318.92 8.63
7–10% 797.64 744.21 22.2 20.46 −53.42 −1.74
10–14% 552.80 782.29 17.6 21.51 229.49 3.91
14–25% 1028.71 949.95 28.7 26.12 −78.76 −2.58
>25% 544.30 247.55 15.2 6.8 −296.75 −8.4
Total 3588.75a 3636.91b 100 100 48.16 –a Net sediment-contributing area in 1949.
b Net sediment contributing area in 2010.
It is evident from Table 3 that significant erosion has occurred. Steep slopes that were once more than 25% have
drastically decreased (−296.75 ha), while gentle slopes that are between 2% and 7% have significantly increased
(+318.92). The soils that are being eroded away are likely deposited in areas of lower elevation, which include the
stream channels and the lake.
3.2.  Surface  area,  catchment  area,  and  lake  volume  comparison
When the lake was created in 1938 the lake covered approximately 47.35 ha, but by 2011 the lake covered only
36.02 ha, a 23.93% decrease. Lake surface area significantly decreased (by almost 10 ha) between 1941 and 1947.
High rainfall possibly contributed to an increase in surface area in 1949, yet area decreased again by 1951. In 1954,
Lake Issaqueena was drained due to fisheries re-stocking, which led to a man-made change in surface area. Surface
area remained steady until 1989 when it again decreased by over 7 ha. Since 1989, the lake surface area has remained
relatively similar from year to year. For the last 75 years, the lake had an average surface area of 35.86 ha. Fig. 4 shows
lake surface area for each year of aerial photography analyzed. Sedimentation of the lake causes a loss in surface
area and volume. Factors that contribute to sedimentation include severe storm events, natural erosion processes and
many anthropogenic causes such as agricultural and forestry practices. Changes in land cover are the likely cause for
sedimentation of Lake Issaqueena. Peak loss years coincide with years that were not well managed (1942–1945) and
years that saw a large decrease in vegetated buffers. Other studies have found similar results with varying causes. A
study completed by Haack (1996) in East Africa states that the growth of the river delta is the result of both increased
Fig. 4. Lake surface area comparison (ha).  indicates that lake was drained in 1954.
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Fig. 5. Hypsographic curve for Lake Issaqueena (2014).
Table 4
Comparison of lake characteristics.
Year Surface area (ha) Volume (m3) Mean depth (m) Average yearly storage capacity loss (m3)
1938 47.35 2,264,700 4.78 –
1941 46.13 2,156,100 4.91 36,007.37
1947 42.90 2,005,600 5.28 20,256.96
2014 36.02 1,943,900 6.29 4220.53
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edimentation and decreased lake levels and river flows. The Lake Issaqueena watershed has experienced an increase
n rainfall from 1938 to present, so decrease in flow is not a major contributor to surface area loss. Another study,
ompleted at Seyfe Lake in Turkey concluded that the 33% loss in surface area from 1975 to 2006 was the result of a
hange in climatic conditions and anthropogenic factors (Reis and Yilmaz, 2008).
Catchment area increased from 3631.16 ha to 3638.15 ha. The catchment area could vary due to the method for
etermining area. By using LiDAR data various stream orders can be included in the drainage area; these streams
ay not have been included in the original contour survey. Another possible explanation is an extension of the stream
etwork due to an increase in precipitation, but this cannot be confirmed due to lack of data. LiDAR data has been
hown provide a highly accurate depiction of hydrologic features derived from DEMs.
Lake volume decreased from 2,264,700 m3 in 1938 to 1,943,900 m3 in 2014 (Fig. 5). From the raw data collected,
verage mean depth was approximately 4.66 m. Table 4 provides a comparison of surface area, volume and mean
epth for 1938, 1941, 1947 and 2014. Fig. 5 depicts the hypsographic curve from data collected from the Lowrance
epth finder. It is hypothesized that this 320,800 m3 decrease is a result of changes in land cover, as well as a factor
f soil type and vegetated buffer coverage. Data collected by the Soil Conservation Service in 1941 and 1949 showed
hat on average, storage capacity of the lake was decreasing by 1.34% or 28,132.17 m3. Had this trend continued it
s predicted that Lake Issaqueena would be completely filled with sediment within the next four years. However, due
o land reclamation sedimentation rates have significantly decreased and storage capacity loss for 2014 is roughly
220.53 m3. A similar study was conducted on Lake Hayq in Ethiopia, by Yesuf et al. (2013), also measured lake
olume using an echo sounding device and ArcGIS. They found that a loss in storage capacity was also not attributed
o a decrease in precipitation, but due to a decrease in discharge from upstream watersheds and from degradation
ithin those watersheds (Yesuf et al., 2013). This degradation included poor farming and land management practices,
hich increased soil erosion and increased surface runoff (Yesuf et al., 2013). Lake Issaqueena watershed is uniquen comparison to other studies in that there was a shift from agricultural land to forestland, which greatly reduced
edimentation rates by approximately 88.28%.
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A contour map (Fig. 6), bathymetric map (Fig. 7) and 3D surface map (Fig. 8) were created based upon the XYZ  data
collected. The contour map provides a 2D representation for the 3D data collected (Yesuf et al., 2013). The contour
lines are labeled for every meter depth starting from 1 m up to 10 m. At the southern end of the lake, closest to the dam,
the contour lines are very close together; this represents the steepest slopes, or the deepest depths. Yesuf et al. (2013)
utilized a similar process in ArcGIS to create a contour lake with 5 m intervals and contour lines ranging from 0 m to
80 m. The darkest areas of the map represent the deepest depths, which are located in thalweg. This information can
be used to monitor long-term morphological changes and sedimentation (Yesuf et al., 2013). A study in Turkey also
created bathymetric maps for the Altinapa reservoir and found that sedimentation was serious threat to the continued
operation of their reservoirs (Ceylan and Ekizoglu, 2014). Ceylan and Ekizoglu (2014) found that within a 25-year
span nearly 12.7% of the lake had been lost due to sedimentation; causes were not discussed. Using the same data layer
as the bathymetric map (TIN), a 3D image of the lake bottom was created using ArcScene (Fig. 8). A 3D image can
provide a clearer visual for how sediments are being deposited on the lake bottom.
3.3.  Climatological  data  analysis
From 1938 to 2009, the watershed received an average of 1294.43 mm of precipitation annually. From observing
Fig. 9 alone, it would appear that lake surface area is correlated to annual rainfall. However, by applying the Pearson
correlation coefficient, precipitation and lake surface area are not correlated. This suggests that sedimentation of Lake
Issaqueena does not heavily rely on average rainfall across the watershed. However, it is possible that strong storm
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vents do contribute significant amounts of sediment. Overall, there has been an increase in annual precipitation rates
rom 1938 to 2011 of 19.59%. Kebede et al. (2006) found that low sensitivity of lakes to rainfall is typical for lakes with
ignificant outflow. From a preliminary analysis of Lake Tana in Ethiopia, Kebede et al. (2006) hypothesized that the
ensitivity of lake level and outflow was controlled more by a variation in rainfall than by basin-scale anthropogenic
actors. However, Lake Issaqueena is controlled more by human activity than by changes in precipitation.
.4.  Soil  inventory  and  analysis
There are seventeen soil series represented in this study area with Cecil being the predominant series at 24.46%,
ollowed by Pacolet series at 23.59% (Fig. 10). These soils are highly erodible. Cecil soils are located on predominately
n 2–10% slopes, whereas Pacolet soils are located primarily on 10–40% slopes (Table 2). Bank steepness has a
ignificant impact on the surface runoff, which causes erosion. Three soil orders are represented in this study area with
ltisols being the most abundant, followed by Inceptisols and then Entisols. Stone et al. (1985) analyzed the effect of
ast erosion on North Carolina Piedmont soils that are very similar to those in the Lake Issaqueena watershed. They
ound that clay content increased by approximately 10% for each erosion class (slight, moderate and severe), organic
atter content was higher on more eroded sites and that available water capacity decreased with erosion severity (Stonet al., 1985). Sediment that has been deposited at the delta of Sixmile Creek has been classified as Chewacla soils.
hewacla soils are common in Piedmont river valleys (Soil Survey Staff, 2014). Chewacla soils are somewhat poorly
rained and are frequently flooded for short to long periods (Soil Survey Staff, 2014). When sediments are transported
rom the lentic stream system to the lotic lake system larger particles (e.g. sand) are quickly deposited at the delta,
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Fig. 8. Three-dimensional view of lakebed for Lake Issaqueena. (a) Aerial view, (b) left side view (from dam), (c) right side view (from dam).
Fig. 9. Lake surface area and precipitation.
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hile smaller particles (e.g. clay) stay suspended in the water column quite a distance before settling out. Over time
his process leads to the creation of soils and decreases lake surface area.
.5.  Vegetated  versus  unvegetated  buffer  analysis
Fig. 11 provides a comparison of vegetated versus unvegetated buffers for the following years of aerial photography:
947, 1951, 1956, 1968, 1977, 1989, 1999, 2005, 2006 and 2009. All years were analyzed to show a trend in land
over change within the riparian buffer. During 1947 and 1951, years directly following lease to Greenville Air Force
ase, the amount of vegetated versus unvegetated buffers were nearly even. In 1956, unvegetated buffers exceeded
he amount of vegetated buffers. Table 5 provides information about land use classes (Pilgrim et al., 2014) in hectares
or 1951, 1977, 1989 and 2009. For each year of aerial photographs, forestland (evergreen and deciduous) dominated
he watershed. In 1951, the amount of vegetated versus unvegetated buffers was roughly even, by 1977 vegetated
uffers had increased significantly, and lake surface area had increased. While the relationship between vegetated
uffer increase and surface area increase are not directly related (likely an increase in precipitation led to increased
urface area), this suggests that the rate of sediment inflow is slowed. This trend can also be noted from 1977 to 1989
hen the amount of unvegetated buffers increased and surface area decreased, and also from 1989 to 2009 when again
urface area and vegetated buffer coverage increased. Vegetated buffers increase infiltration rate, reducing erosion rate
106 C.M. Pilgrim et al. / Water Science 29 (2015) 93–108
Fig. 11. Vegetated versus unvegetated stream buffer comparison.
Table 5
Land use/land cover descriptions.
Land use class Description 1951
(ha)
1977
(ha)
1989
(ha)
2009
(ha)
1. Evergreen Defined by the presence of
evergreen species
651.40 1139.29 1052.45 764.51
2. Deciduous Defined by the presence of
hardwood/deciduous species
911.13 1332.20 1393.51 1478.61
3. Bare ground Areas of bare soil with little
to no vegetation
167.50 252.03 317.04 183.86
4. Pasture/Grassland Defined by the presence of
grass species
821.30 398.94 581.42 471.46
5. Cultivated Defined by the presence of
rows and/or strips of bare
ground alternated with green
vegetation
1081.50 514.59 292.66 528.08
6. Residential/Other
Developmenta
Identified by impervious
surfaces, homes, commercial
buildings, etc.
– – – 209.86Total area (ha) – 3632.83 3637.05 3637.08 3636.38
a Only applicable for 2009.
and therefore decreasing the sedimentation rate. Hook (2003) found that average sediment retention in plots of various
widths and vegetation in Montana trapped between 63% and 99% of sediments. He also found that 6 m wide buffers
retained between 94% and 99% of sediment regardless of vegetation type or slope (Hook, 2003). He noted that narrow
buffer widths, steep slopes and sparse vegetation increase the risk of sediment delivery (Hook, 2003).
4.  Conclusions
Lake Issaqueena has accumulated a significant amount of sediment in the past 75 years. The lake has lost over
14.74 ha due to sedimentation. It is speculated that changes in land cover significantly contributed to the accumulation
of sediments within the lake. There was not a significant relationship between average precipitation rates and loss of
surface area, while there was a relationship between loss of vegetated buffers and surface area. Understanding the rate
of sedimentation for reservoirs is very important in planning and creating man-made lakes. Few studies have examined
long-term impacts of reforestation of eroded agricultural lands on reservoir sedimentation rates. Land cover changes
associated with this reforestation included improved stream buffers which likely lowered the sediment loads through the
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tream networks to the reservoir. Long term studies are critical to understand erosion processes that occur over decades
nstead of seasons, such as watershed slope changes. Aerial photography is widely available over a long period of time,
nd this study demonstrated their utility to examine both land cover and reservoir surface area changes. Methodologies
nd work flows have been develop to integrate the latest technological tools, such as LiDAR and Sonar, into watershed
nd reservoir assessment. These tools provide an accurate baseline for future studies, while also demonstrating a rapid
ssessment tool for future updates.
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